By means of morphological and biochemical criteria, we here provide evidence for the localization and function of premature ovarian failure, 1B (POF1B) in desmosomes. In monolayers of Caco-2 intestinal cells and in stratified HaCaT keratinocytes, endogenous POF1B colocalized with desmoplakin at desmosome plaques and in cytoplasmic particles aligned along intermediate filaments (IFs). POF1B predominantly co-fractionated with desmosomes and IF components and exhibited properties characteristic of desmosomes (i.e., detergent insolubility and calcium independence). The role of NH 2 and COOH domains in the association of POF1B with desmosomes and IFs was revealed by transient expression of the truncated protein in Caco-2 cells and in cells lacking desmosomes. The function of POF1B in desmosomes was investigated in HaCaT keratinocytes stably downregulated for POF1B expression. Transmission electron microscopy analysis revealed a decrease in desmosome number and size, and desmosomes of the downregulated keratinocytes displayed weak electron-dense plaques. Desmosome alterations were associated with defects in cell adhesion, as revealed by the reduced resistance to mechanical stress in the dispase fragmentation assay. Moreover, desmosome localization of POF1B was restricted to granular layers in human healthy epidermis, whereas it largely increased in hyperproliferative human skin diseases, thus demonstrating the localization of POF1B also in desmosomes of multistratified epithelia.
INTRODUCTION
Epithelia are formed by sheets of cells organized in a monolayer, as in developing embryos and the gastrointestinal tract, or in stratified multilayers, as in the skin. Epithelial cohesion requires the formation of adhesive contacts named tight junctions (TJs), adherens junctions (AJs), and desmosomes (Capaldo et al., 2014) .
Among cell-cell adhesion structures, desmosomes are the most essential for mechanical coupling. Their high degree of adhesive strength is based on multiple, strong, and non-covalent interactions between their molecular constituents. Desmosomes are particularly abundant in skin and cardiac muscle, both of which have to withstand considerable mechanical stress (Kowalczyk and Green, 2013) . The mechanical stability of desmosomes depends in large part on their tight association with the intermediate filament (IF) cytoskeleton. Desmosomes are formed by the products of three gene superfamilies: the desmosomal cadherins, the armadillo family, and the plakins. The desmosomal cadherins desmocollins and desmogleins (DSGs) are transmembrane proteins that interact in the extracellular space to couple the two halves of the desmosome. They are linked to IFs through desmoplakin (DSP), plakoglobin (PG), plakophilins (PKPs), and other desmosome-associated proteins (Yin and Green, 2004 and references herein) . Together, these proteins form the desmosomal plaque in the intracellular side of the junction. The assembly of proteins anchoring IFs to desmosomal cadherins ensures tissue organization and rigidity (Oriolo et al., 2007) .
The importance of desmosomes in the maintenance of strength and flexibility of epithelial tissues is highlighted by mutations in desmosomal genes compromising skin or heart tissues (Bolling and Jonkman, 2009; Brooke et al., 2012) . In some instances both of these tissues are affected, as in Naxos disease, a recessively inherited condition with arrhythmogenic right ventricular cardiomyopathy and a cutaneous phenotype (Protonotarios et al., 1986) . Interestingly, arrhythmogenic right ventricular cardiomyopathy is caused mainly by mutations in genes encoding desmosomal proteins (Rampazzo, 2006) , but causative genes have not been identified in 40-50% of cases, suggesting that proteins with a role in desmosomes remain to be identified.
The gene encoding premature ovarian failure, 1B (POF1B) maps to the region of the X chromosome critical for normal ovarian function, despite lacking genetic evidence of its role in POF disease (Riva et al., 1996; Bione et al., 2004) . POF1B expression is restricted to epithelia, with the highest levels in desmosome-rich tissues such as the epidermis and oropharyngeal and gastrointestinal tracts (Rizzolio et al., 2007) . Colocalization of POF1B with desmosomal proteins has been described in human duodenum, but its undetectable expression in the desmosome-enriched spinous layer of epidermis and its enrichment in the granular layer had suggested a role for the protein in TJs and skin terminal differentiation rather than in desmosomes (Rizzolio et al., 2007) .
POF1B is a cytosolic protein with a large coiled-coil region in its C-terminal (C-TER) half. The protein is rapidly recruited along the nascent basolateral cell-cell contacts when stably overexpressed in Madin-Darby canine kidney (MDCK) cells (Padovano et al., 2011) . In fully polarized MDCK cells, the overexpressed protein localized along the entire lateral junctional domain, with peculiar enrichments in two rings, one apical at the TJ level and one more basal. In line with a role of POF1B in TJs, alterations in the acquisition of transepithelial electrical resistance and monolayer polarization have been documented in MDCK cells overexpressing a human POF-associated mutant characterized by a decreased binding affinity for nonmuscle actin filaments (Lacombe et al., 2006; Padovano et al., 2011) . Localization of endogenous POF1B to the entire lateral junctional domain has also been described in human intestinal Caco-2 cells, and downregulation of the protein caused a dramatic loss of the polarized phenotype, suggesting defects in cells' adhesive properties (Padovano et al., 2011) .
In order to clarify the specific role of POF1B in cell adhesion, we further characterized the localization and function of the endogenous protein in human cell models of simple (intestinal Caco-2 cells) and stratified (keratinocyte HaCaT cells) epithelia, as well as in normal and in hyperproliferative skin disorders.
RESULTS AND DISCUSSION

Colocalization of POF1B with desmosomal markers in Caco-2 cells
Apical enrichment of POF1B at the level of TJs has been documented in human intestinal Caco-2 cells and in MDCK cells stably expressing the green fluorescent protein (GFP)tagged protein (Padovano et al., 2011) . However, POF1B shows punctate enrichments along the entire cell-cell adhesion surface that nicely colocalize with desmosomal markers both in intestinal sections (Figure 1a and Rizzolio et al., 2007) and in Caco-2 cells (Figure 1b ). The apical enrichment of POF1B may represent localization of the protein at TJs or at desmosomes located very close to them, and thus indistinguishable by immunofluorescence. However, POF1B staining in Caco-2 cells is different from the typical indented pattern of the TJ marker claudin 2 or the uniform label of the AJ marker b-catenin ( Figure 1b ). Colocalization of POF1B with desmosomal proteins was confirmed by analysis of the percentage of staining-free pixels at the plasma membrane ( Figure 1c ). This quantification reflects the localization pattern of the adhesion markers and shows that the distribution of POF1B is identical only to proteins exclusively found in desmosomes, whereas its distribution is completely different from that of b-catenin and claudin 2, and it only partially resembles that of PG, a protein also found in AJs. The recruitment of POF1B to desmosomes was further suggested by its localization to adhesion sites connected to IFs (Figure 1d ).
Detergent insolubility and calcium independence of POF1B and desmosomes in Caco-2 cells
Among cell-cell junctions, desmosomes are characterized by the capability to form insoluble complexes with IFs and to reach a calcium-independent mature state called hyper-adhesion (Garrod and Kimura, 2008) . To assess the solubility of POF1B, we performed a Triton X-100 extraction in Caco-2 cells grown confluent for 6 days in regular medium or switched to calcium-deprived medium for the last 30 minutes (Figure 2a ). Three consecutive extractions were used to obtain soluble and cytosolic components, actin and tubulin cytoskeleton, chromatin-associated proteins, and the insoluble nuclear matrix-IF fraction (Fey et al., 1984) . The majority of POF1B (460%) co-fractionated with desmosomal components (DSP, DSG) and keratin 8 (K8) and not with markers of AJs (E-cadherin and LIN7) and TJs (occludin, LIN7, PAR3, and claudin 2). Similar to the behavior of desmosome components, the POF1B distribution in the insoluble nuclear matrix-IF fraction was mostly independent on calcium.
Mature hyper-adhesive desmosomes are highly resistant to disruption, whereas TJs and AJs break down upon calcium deprivation (Wallis et al., 2000) . Caco-2 cells cultured confluent for 46 days in conventional calcium culture conditions largely lost their contacts when switched to a calcium-free medium for 60 minutes (Figure 2b ). Nonetheless, POF1B and DSP or PG and PKP2 (not shown) co-accumulated in the remaining adhesion contacts (arrows) that were devoid of claudin 2 or E-cadherin (not shown).
Collectively, the IF and Triton X-100 insolubility studies clearly indicate a localization of POF1B in desmosomes, although its partial distribution in AJs and TJs cannot be excluded.
Colocalization of POF1B in intracellular particles closely associated with IFs in Caco-2 cells
It is known that DSP and PKP2 form particles that slowly traffic to desmosomes in close association with IFs (Kowalczyk and Green, 2013) , whereas intracellular trafficking of PG and DSG is vesicle mediated and microtubule dependent (Green et al., 2010; Nekrasova et al., 2011) . We observed staining of POF1B in intracellular particles (red) precisely aligned along A Crespi et al.
keratin filaments (green) in subconfluent Caco-2 cells (Figure 3a ), which colocalized with DSP and PKP2 but not with DSG or PG particles (Figure 3b and c). Moreover, when representative strings of particles from each confocal section were magnified and the intensity was analyzed by ''plot profiles'', a clear colocalization of POF1B particles with DSP and PKP2 was revealed, whereas only a portion of particles showed an apparent colocalization with PG. Almost no colocalization was observed between particles of POF1B and DSG, and these results were confirmed by ''surface plot analysis'' ( Figure 3c ), thus suggesting that POF1B may traffic to the cell-cell contacts in multi-protein complexes in close association with IFs.
Role of the N-and C-terminal domains in the localization of POF1B
We next investigated the role of POF1B domains in its localization. cDNAs encoding for human POF1B full-length, N-terminal (N-TER), and C-TER domains, fused to GFP (Figure 4a ), were transiently transfected in Caco-2 cells and in IOSE523 cells, an epithelial cell line of ovarian origin expressing neither DSP (Auersperg et al., 1994) nor PKP2 and PG (data not shown).
In Caco-2 cells, the overexpressed full-length protein localized at cell-cell contact sites connected with IFs ( Figure 4b ) like the endogenous protein, thus indicating that the GFP tag did not impair the adhesion recruitment of the protein. In the desmosome-deficient IOSE523 cell line, POF1B did not show the cytosolic localization expected for a soluble protein, but a filamentous staining regularly aligned along K8positive filaments (Figure 4b ), indicating that the interaction between POF1B and IFs does not require DSP or PKP2. POF1B N-TER was largely cytosolic with a higher solubility compared with full length, as observed through biochemical fractionation (data not shown). However, POF1B N-TER was also detected at cell-cell contacts in Caco-2 cells (white arrows, Figure 4c ) but never in IOSE523 cells. Conversely, the C-TER construct is not recruited to cell-cell contacts but does colocalize with K8 filaments in both Caco-2 and IOSE523 cells ( Figure 4d ). The N-TER domain of POF1B is therefore necessary and sufficient for interaction with desmosomal components at cell-cell contacts, whereas the C-TER domain may mediate the connection with IFs. In addition, the POF1B antibody co-immunoprecipitated endogenous K8 in subconfluent and confluent Caco-2 cells (Figure 4e ), further highlighting the association of POF1B with IFs and suggesting that their interaction occurs before adhesion recruitment and is maintained thereafter.
To demonstrate that the observed POF1B filaments are due to association with IFs not requiring DSP or PKP2, K8-specific siRNA was co-transfected with GFP-POF1B into IOSE523 cells (Figure 4f ). The K8-targeted siRNA was effective in downregulating the protein (see western blot). GFP-POF1B and K8 lost their typical filamentous distribution, and POF1B showed a cytoplasmic spot-like pattern often colocalizing with residual K8, further suggesting their direct association. As POF1B and DSP are coiled-coil domain-containing proteins able to interact and form filaments with IFs through their C-TER domains, and both are targeted to desmosomes via their amino-terminal domain (Stappenbeck and Green, 1992; Kouklis et al., 1994) , these data reveal structural and functional analogies between DSP and POF1B. However, a more labile association of POF1B compared with DSP to IFs is suggested by the higher Triton X-100 solubility and cytosolic localization of POF1B observed under conditions of calcium deprivation (Figure 2a and b).
Generation of stable HaCaT keratinocyte lines silenced for POF1B
Given the crucial role of desmosomes in determining a strong adhesion between adjacent cells, these junctions are especially relevant in tissues that are most subjected to mechanical contact sites anchored to IFs (Figure 5a ). Moreover, intracellular particles of POF1B distributed along K8 filaments were also clearly observed in subconfluent cells (not shown), further indicating a desmosomal localization of POF1B in these cells. The role of POF1B was then evaluated by the stable expression of POF1B shRNAs. Clones expressing shRNA2 (cl2.5 and 2.24) showed a great reduction in POF1B expression, and undetectable levels of the protein were found in the clone1 expressing the shRNA1 construct. No changes were found in cells stably transfected with the pSuper empty vector, and both expression and localization of desmosomal markers were maintained in POF1B-silenced clones (Figure 5b ). This result differed from that obtained in Caco-2 cells, where stable clones could not be generated and the transient downregulation of POF1B caused a marked effect on cell adhesion, leading to detachment of the silenced cells from the monolayer (Padovano et al., 2011) . The maintained morphology and expression of adhesion markers in silenced HaCaT cells could be explained by a function of POF1B in desmosomes dispensable for keratinocytes. To exclude this possibility we investigated whether the ultrastructure of desmosomes was maintained.
Defects in desmosome ultrastructure in HaCaT keratinocytes silenced for POF1B
Several defects in desmosomes were observed by conventional transmission electron microscopy in POF1B-silenced HaCaT keratinocytes. Quantitative analysis of the desmosome number and of the length of the plaque revealed a clear reduction of both parameters in all examined clones. Control (CTR) representing nontransfected and pSuper-expressing clones showed organized and well-defined junctions, whereas desmosomes of the silenced cells (cl.2.5) were discontinuous and with disorganized electron-dense plaques (Figure 5c ), indicating that POF1B is indispensable for proper desmosome structure in HaCaT cells. 
Adhesion defects in POF1B-silenced HaCaT keratinocytes
To assess the functional consequence on cell-cell adhesion of the ultrastructural defects found in desmosomes of POF1Bsilenced keratinocytes, we measured the resistance to mechanical stress by the dispase fragmentation assay (Figure 5d ). Treatment with the enzyme dispase allows cells to detach from the substrate, without affecting cell-cell adhesion, and the number of fragments obtained after mechanical stress provides a measure of the integrity of the epithelium (Huen et al., 2002) . Several fragments were measured in POF1Bsilenced keratinocytes, and the number of fragments was inversely related to the level of expression of POF1B, thus indicating that POF1B expression is required to counteract mechanical stress. Fragmentation defects were not observed in pSuper-transfected clones (Figure 5d ).
Localization of POF1B in desmosomes of normal and hyperproliferative epidermis
Given that results obtained in HaCaT cells may reflect differences between this proliferative cell line and normal epidermal keratinocytes in situ, we investigated the localization of POF1B in healthy skin and in hyperproliferative diseases of keratinocytes: basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and psoriasis (PsO). The expression of POF1B is under the level of detection in basal and spinous layers (Figure 6a and Rizzolio et al., 2007) , and colocalization of POF1B with desmosome markers is restricted to upper layers in normal human epidermis (Figure 6b ). The restricted localization of POF1B does not rule against its desmosome association, as desmosome composition is different throughout the different layers of the epidermis (Simpson et al., 2011) , and desmosomal proteins with expressions confined in granular layers have been found and suggested to support terminal differentiation of the epidermis (Bazzi et al., 2006) . Moreover, POF1B staining was not restricted to upper layers in hyperproliferative diseases of the epidermis, and, together with cytosolic staining, an average increase in POF1B staining at the cell periphery was consistently observed in all the analyzed samples. Surface localization was more homogenously found in BCCs than in PsOs, and a predominant cytosolic localization was found in four out of the six SCCs (three of which also displayed a cytosolic localization of desmosomal markers). Despite this variability in POF1B distribution in the different pathologies and within samples of the same pathology, perhaps related to the disease stage, POF1B significantly colocalized with DSP/DSG in these diseases (Figure 6b ). Although the role of POF1B in desmosomes of normal and proliferative keratinocytes remains to be clarified, concerning POF1B expression, HaCaT cells exhibited higher similarity with these keratinocytes than with normal keratinocytes.
Collectively our data demonstrate an association of POF1B with the K8 component of IFs in Caco-2 cells, and localization and function of POF1B in desmosomes of Caco-2 and HaCaT cells. Moreover, although POF1B is normally excluded from desmosomes of the basal and spinous layers of the epidermis, we provide evidence for its desmosome localization in hyperproliferative keratinocytes of basal and suprabasal layers.
MATERIALS AND METHODS
Constructs
Generation and subcloning of human POF1B and shRNA1 or shRNA2 have been previously described (Padovano et al., 2011) . POF1B N-TER (aa 3-331 of POF1B) was generated by introducing an in-frame stop codon at amino-acid position 331. A PCR was performed using GFP-POF1B as template and the following oligonucleotides: upper 5 0 -TCCGGACTGAATTCTCGATCGA-3 0 and lower 5 0 -TAAGGATCCACTACACTAGTCGGA-3 0 ; the product was inserted into the EcoRI-BamHI restriction fragment of the mammalian expression vector pAcGFP1-C1. POF1B C-TER (aa 327-589 of POF1B) was obtained by carrying out a PCR with the following oligonucleotides: upper 5 0 -GTCTGAGAATTCACTCCGACTA-3 0 and lower 5 0 -TCAGT-TATCGAATTCCGGTG-3 0 ; the PCR product was inserted into the mammalian expression vector pEGFP-C1 (EcoRI-BamHI restriction fragment). mCherry-K8 was a kind gift from Dr R.E. Leube (Leube et al., 2011) . Double-stranded siRNA oligonucleotides against K8 were purchased from Sigma Aldrich (St Louis, MO). The sequence used was 5 0 -CAUGUUGCUUCGAGCCGUCTT-3 0 (Long et al., 2006) .
Cell culture and transfections
Caco-2, IOSE523, and HaCaT cells were cultured in DMEM (Euroclone, Milan, Italy) supplemented with 1% L-glutamine (Sigma Aldrich), 1% penicillin-streptomycin (Sigma Aldrich), and 10% fetal bovine serum (Euroclone). All cell lines were maintained at 37 1C with 5% CO 2 . Caco-2 and HaCaT cells were transfected using Polyethylenimine (PolyScience, Eppelheim, Germany) and IOSE523 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according to the manufacturers' protocols. Stable cell lines were selected on the basis of growth in the antibiotic G418 (0.6 mg ml À 1 ) (Euroclone). In POF1B-silencing experiments, control cell lines were obtained by stable transfection with the pSuper empty vector (OligoEngine, Seattle, WA). In calcium deprivation conditions, Caco-2 cells were grown confluent in Petri dishes or glass coverslips for 46 days and switched to a low-calcium medium (free calcium DMEM þ 10% dialyzed fetal bovine serum þ 3 mM EGTA) for the indicated time.
Antibodies
Commercial primary antibodies used were mouse monoclonal anti-DSP (MAB-91920 SIC, Roma, Italy), anti-DSG1,2 (61002, PROGEN, Biotechnik, Heidelberg, Germany), anti-b-catenin (610153, BD Transduction Laboratories, Lexington, KY), anti-E-cadherin (610181), anti-PG (P8087), anti-K8 (C5301) and K14 (C8791) (Sigma Aldrich), anti-Claudin2 (32-5600, Zymed Laboratories, San Francisco, CA), and anti-PKP2 (651101, Santa Cruz Biotechnology, Santa Cruz, CA). The rabbit polyclonal antibodies used were as follows: anti-PAR3 (07-330, Upstate, Billerica, MA), anti-occludin (71-1500, Zymed Laboratories), and anti-TOM20 (sc-11415, Santa Cruz Biotechnology). Homemade rabbit polyclonal antibodies against mouse LIN7A, human POF1B, and b-catenin have been described elsewhere (Perego et al., 2002; Rizzolio et al., 2007; Massari et al., 2009) .
Immunoprecipitation and western blot analysis
Immunoprecipitation in Caco-2 cells using POF1B antibody was performed as previously described (Crespi et al., 2012) . Cell extracts and immunoprecipitates were solubilized in SDS denaturation buffer. Equal amounts of total protein, or 2% of the total extract (INPUT) and total immunoprecipitated proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. The blots were probed using the appropriate primary antibodies, followed by infraredconjugated anti-rabbit IgG IRDye 800CW or anti-mouse IgG 680RD (LI-COR Bioscience, Lincoln, NE) as secondary reagents. Blots were scanned with the Odyssey CLx Infrared Imaging System (LI-COR, Bioscience), and the bands were quantified with Image Studio software (LI-COR).
Immunofluorescence
Cells grown on glass coverslips and human skin samples were processed for immunofluorescence as previously described (Rizzolio et al., 2007; Padovano et al., 2011) . Patient consent for experiments was not required because the Italian Privacy Authority issued a general authorization for the use of retrospectively acquired human material on 1 March 2012. Images were acquired using a Zeiss LSM META (Carl Zeiss, Oberkochen, Germany) confocal microscope.
Conventional transmission electron microscopy
Cells were plated to confluence and cultured in a Petri dish for 48 days before processing and analysis as described elsewhere (Marino et al., 2010) .
The dispase mechanical fragmentation assay
Cells plated in triplicate were grown at high density for 7 days, and the assay was performed as described (Huen et al., 2002) . Briefly, cells were washed twice in phosphate-buffered saline, followed by treatment with 1 mg ml À 1 dispase (STEMCELL technology, Milan, Italy). The dispase-detached sheet of cells was subjected to mechanical stress by 10-20 rapid inversions of the tube. The number of fragments was quantified using ImageJ software (NIH, Bethesda, MD).
Image and statistical analysis
Signal intensity quantification was evaluated using the ImageJ (NIH) ''surface plot'' and ''plot profile''. The percentage of staining-free membranes was obtained by signal quantification of 10-mm membranes randomly selected from B10 cells. Quantification of POF1B colocalization with DSP/DSG in HaCaT and human skin samples was evaluated by Manders' colocalization coefficient M2 as follows.
Confocal acquisitions of five images of HaCaT cells or one image for each pathological sample (four samples for BCC and two and three samples each for SCC and PsO, respectively), selected on the basis of the surface localization of POF1B and DSP/DSG, were analyzed by selecting 5-10 regions of interest positively stained for desmosomal markers, each one corresponding to 10 mm of plasma membrane (B1 side of the cell). For healthy skin, three regions of interest from the upper layers and three from the lower layers have been selected from each image of the four samples. Regions of interest were analyzed with the ImageJ plugin JACoP. The Interactive three-dimensional Surface plots (ImageJ) were obtained from the colocalizing signal (MIN calculation between POF1B in red and DSP in green) of the selected images; the scale on the right indicates the intensity of fluorescence in arbitrary units. All quantitative data were expressed as mean ± SEM, and multiple comparisons among groups were carried out using Student's t-test in Prism software (GraphPad Prism Software, La Jolla, CA).
